MicroRNAs (miRNA) are approximately 22 nt single stranded functional RNAs derived from long stem-loop precursors transcribed by RNA polymerase II. They regulate gene expression through post-transcriptional gene silencing and are important for the regulation of growth, development and stress responses in plants. Mature nucleotide sequences of many miRNA families are highly conserved across the plant kingdom and can be used to identify and annotate homologs and potential miRNA targets. In this study, mature miRNA sequences retrieved from the miRNA registry (miRBase) were used to identify precursor sequences of miRNA orthologs and their potential targets among Expressed Sequence Tags (ESTs) of the mangrove species Bruguiera cylindrica (L.) Blume, B. gymnorhiza (L.) Lam. and B. sexangula (Lour.) Poir. Candidate miRNA precursors, which potentially belong to the miR156/7, miR396 and miR529 families, had high sequence identity between Bruguiera cylindrica and Bruguiera gymnorhiza, and expression of RNA was confirmed in both species. A number of candidate targets for miR396 and miR529 were also identified among EST from B. gymnorhiza.
Introduction
With their morphological and physiological adaptation to highly saline environments, strong winds, high tides and anaerobic soils (Khathiresan and Bingham 2001, Hogarth 2007) , the marine angiosperms known as mangroves provide an important source of data and genetic information that can be applied to dissecting the molecular biology of abiotic stress responses and, potentially, to crop improvement. Bruguiera spp. belong to the family Rhizophoraceae, a major mangrove component found in tropical and subtropical coastal regions from Africa and across Asia to the West Pacific (Khathiresan and Bingham 2001) . In recent years, Bruguiera gymnorhiza (L.) Lam. and B. cylindrica (L.) Blume have been the subject of studies related to the molecular biology of salinity tolerance, including the generation of collections of EST (expressed sequence tags), and the use of differential display and DNA microarray (Banzai et al. 2002 , Miyama et al. 2006 , Wong et al. 2007 , Miyama and Tada 2008 , Yamanaka et al. 2009 ). However, there are currently no published descriptions of microRNA gene sequences from mangrove species.
MicroRNAs (miRNA) are approximately 22 nt short single stranded functional RNA species derived from long stemloop precursors transcribed from endogenous genomic DNA by RNA polymerase II (Bartel 2004 , Lee et al. 2004 ). The non-coding RNA transcript is capped, spliced, polyadenylated and folded into a long hairpin stem-loop precursor miRNA (pre-miRNA). In plants, this structure is further processed by an RNase III, a Dicer-like enzyme, to a shorter hairpin structure known as a primary microRNA (pri-mi-RNA) (Chen 2005 , Zhang et al. 2006a ). The pri-miRNA is further trimmed into a shorter double-stranded RNA (ds-RNA) by the Dicer-like enzyme, forming a miRNA:miRNA* duplex which is then transported from the nucleus (Papp et al. 2003) . In the cytoplasm, the active strand of the miRNA duplex incorporates into a RNA inducing silencing complex (RISC), which guides the mature miRNA to the complementary target mRNA and either causes the degradation or inhibition of translation of the target mRNA (reviewed by Zhang et al. 2006a ). This mechanism of gene regulation is an RNA interference (RNAi) pathway, which is commonly known as post-transcriptional gene silencing (PTGS) in plants.
MicroRNAs have been reported to regulate diverse life processes in plants including the regulation of floral organ identity, flower timing, leaf shape, root development, organ boundary and polarity (reviewed by Reinhart et al. 2002 , Dugas and Bartel 2004 ), embryogenesis (Luo et al. 2006 ) and auxin response pathways (Ru et al. 2006 , Wu et al. 2006 . MiRNAs also play important roles in regulating RNA interference pathways such as feed back regulation of miRNA biogenesis and directing biogenesis of a class of siRNA known as trans-acting siRNA or ta-siRNA. A number of miRNA families have been shown to be involved in various biotic and abiotic stress responses in plants. These include responses to oxidative stress, mechanical stress and nutrient stress (reviewed by Dugas and Bartel 2004 , Jones-Rhoades and Bartel 2004 , Chiou 2007 , Zhao et al. 2007 . Therefore, study of miRNA is of importance in elucidation of gene regulatory networks of plants, and has important implications for practical plant sciences.
Several approaches have been used to further progress in miRNA discovery. Forward genetics, or genetic screening, was used in the discovery of the first miRNA genes, lin-4 and let-7 from the nematode Caenorhabditis elegans Maupas 1900. However, this approach is relatively expensive in labour and resources and the number of miRNA that can be discovered is very limited. Computational prediction methods offer an alternative way to identify miRNA sequences from plants since the mature nucleotide sequence of miRNA are highly conserved across the plant kingdom (Zhang et al. 2006b ). Bioinformatic approaches for the identification of miRNA orthologs are also relatively fast and affordable and this approach to miRNA prediction from EST and GSS databases has been performed for various plant species, including Malus domestica Borkh., Solanum tuberosum L., Gossypium hirsutum L., Brassica napus L., and Elaeis guineensis Jacq. , Nasaruddin et al. 2007 , Qiu et al. 2007 , Zhang et al. 2007 , Gleave et al. 2008 .
In this study, we used plant mature miRNA sequences from the miRBase Registry (Griffiths-Jones 2004) to identify potential miRNA orthologs and targets within ESTs of Bruguiera spp. from the NCBI GenBank database. RT-PCR and northern blot analysis was used to validate the presence of three miRNA precursor candidates in Bruguiera gymnorhiza (L.) Lam. and Bruguiera cylindrica (L.) Blume.
Materials and methods

Bioinformatic analysis of EST data
The existing EST data for Bruguiera spp. (as described below) were analysed to identify candidate miRNA and miRNA targets, as outlined in Figure 1 and described in detail below.
MicroRNA and EST sequence retrieval
Mature miRNA sequences from all plant species were retrieved from the miRBase Registry (Release 14, September 2009; Griffiths-Jones 2004 Homology search and secondary structure prediction BLAST-2.2.16 (platform win32-ia32, accessed at http://www. ncbi.nlm.nih.gov/BLAST/download/shtml) was used for local alignment between the ESTs and miRNA sequences. The selected microRNA sequences were used as local alignment queries against the Bruguiera spp. Expressed Sequence Tags (ESTs). The default settings were as described by Zhang et al. (2005) . ESTs sharing homology with miRNAs in the reference set were defined as those containing a predicted mature miRNA with four or less mismatches compared to a known mature miRNA sequence in the reference set. Putative miRNA orthologs were filtered with BLASTX to remove protein-coding EST, then analysed using mfold (accessed at http://mfold.bioinfo.rpi.edu/cgi-bin/rna-form1. cgi) (Zuker 2003) . Minimum Free Energy (MFE) values were calculated using whole EST sequences and the Minimal Free Energy Index (MFEI) was calculated as the Adjusted MFE/(GqC)%, where the Adjusted MFEs(MFE/sequence length)=100. Candidate precursor miRNAs (pre-miRNA) were determined as those fulfilling the following characteristics (as described previously by Nasaruddin et al. 2007 , Qiu et al. 2007 ):
1. The RNA sequences should be able to fold into a hairpin structure such that one arm of the hairpin contains the approximately 22 nt mature miRNA sequence. 2. The predicted secondary structure of the miRNA precursor should have lower minimal free energy (MFE), typically --40 kcal/mol and higher minimal free energy index (MFEI) than other types of RNA (e.g., tRNA, rRNA). Typical reports for plant miRNA MFEI are in the range of 0.4 and above (e.g., Zhang et al. 2007 ). 3. The predicted mature miRNA should have an AqU content of 30-70%. 4. The mature miRNA sequence within the hairpin loop segment must have -6 mismatches to the opposite miRNA* sequence in the other arm. 5. Any loop or bulge in the mature miRNA:miRNA* dimer should contain a maximum of three nucleotides not involved in canonical base pairing.
MicroRNA target prediction
ESTs were screened for their potential as miRNA targets of Bruguiera spp. miRNA candidates using RNAhybrid wversion 2.1 accessed at http://bibiserv.techfak.uni-bielefeld.de/ download/tools/rnahybrid.html (Rehmsmeier et al. 2004) x with parameters and filters as described by Alves-Junior et al. (2009), i.e., with helix constraint (-f) of 8-12; maximum internal loop size (-u) of 1, maximum bulge loop size (-v) of 1, end overhangs of no more than two nucleotides and a maximal free energy (MFE) value of at least 75% of the value for perfect complementarity of miRNA mature sequences. Putative functions of the predicted miRNA targets were based on highest matches using BLASTX against the non-redundant protein database (http://blast.ncbi.nlm.nih. gov/Blast) considering maximum identity scores above 50% and a minimum of 70% query coverage.
RNA extraction
Total RNA was isolated from young leaves of Bruguiera cylindrica (L.) Blume and B. gymnorhiza (L.) Lam. grown in non-submerged and submerged conditions using TRI Reagent ᭨ (Sigma-Aldrich ᭨ , St Louis, MO, USA) according to the manufacturer's instructions. The isolated total RNA was treated with RQ1 RNase-free DNAse (Promega Corporation, Madison, WI, USA) prior to RT-PCR. Control RNA from young leaf of banana (Musa acuminata Colla.) was prepared according to Kiefer et al. (2000) .
Reverse transcription polymerase chain reactions (RT-PCR)
RT-PCR was carried out using the One-Step RT-PCR Kit (QIAGEN ᭨ GmbH, Hilden, Germany) following the recommended conditions. miRNA specific primers were designed from the selected GenBank accessed EST for each predicted miRNA precursor such that they would amplify most of the EST, inclusive of the predicted mature miRNA and miRNA* regions: 59-CCA AAT TGC TTC CCT TCC TT-39 and 59-TGC TTT CAG CAC TCC AAC TG-39 wEST BP951492 (candidate miR157)x; 59-CCT ACG CTA TAC AAA CCC T-39 and 59-AAC CGG ATG CAG ATC AGA AC-39 wEST BP951249 (candidate miR396a)x; 59-CAT GCT ATT CCA CAG CTT TC-39 and 59-ATG AAG CAG GAG AAG GAT CG-39 wEST BP940538 (candidate miR396b)x and 59-GGC TTA CCA GTG ATG TAA TGA GGA-39 and 59-ACA GGC CCG GCT TAT ACA GT-39 wEST BP946445 (candidate miR529)x. b-Actin primer pair 59-AAA CTG CAG ATR TCN ACR TCR CAY TTC AT-39 and 59-CGC GGA TCC GAR AAR ATG ACN CAR ATH ATG TT-39 were used as experimental controls. The annealing temperature for RT-PCR was 608C (miRNA primers) or 508C with b-actin primers, and 30 cycles of PCR were performed in each case. Total RNA (100 ng per sample) was used for each RT-PCR reaction.
Northern blot analysis
Northern analysis for microRNA was carried out as described by Molnár et al. (2007) , with minor modifications.
Total RNA (20 mg) was separated on 15% denaturing polyacrylamide Tris/borate/EDTA (TBE) gels containing 7 M urea. Gels were stained with 4 mg ml -1 of ethidium bromide in 0.5X TBE for 5 min to visualise tRNA and 5S rRNA as a loading control. RNA was transferred to an Amersham Hybon-XL membrane (GE Healthcare UK Ltd, Chalfont, UK) by capillary transfer using 20= salt sodium citrate (SSC); the RNA was fixed to the membrane by UV crosslinking (120,000 mJ). Membranes were then pre-hybridized in 5-10 ml of hybridization buffer (0.25 M sodium phosphate buffer pH7.2 and 7% SDS) at 428C for 60 min. Antisense DNA oligonucleotides (miR369a, 59-AGTTCAAG-AAAGCTGTGGAA39; miR529a, 59-CTGTACCCTCTCTC-TTCTTC-39) were end-labeled with isotope 32 P-g-ATP (3000 Ci/mmole) using T4 polynucleotide kinase (New England BioLabs, Ipswich, MA, USA). Labeled probes were purified using illustra ProbeQuant G-50 Micro Column (GE Healthcare UK Ltd.). Membranes were hybridized at 428C for 2 h in 5 ml of hybridization buffer (0.25 M sodium phosphate buffer pH7.2 and 7% SDS) with denatured radio-labeled probe. The membranes were then washed twice for 10 min with 2= SSC, 0.1% SDS at 428C before exposure to phosphorimager plates. Control RNA from Blowfly larvae (Chrysomya megacephala) were a gift from Zulqarnain bin Mohamed (University of Malaya).
DNA sequence analysis
RT-PCR products were extracted from agarose gels using the Wizard ᭨ SV Gel and PCR Clean-Up System (Promega Corporation) prior to determination of their DNA sequence by a commercial sequencing service. Multiple sequence alignments were constructed using Clustal W (Thompson et al. 1994) .
Results and discussion
Predicted miRNA precursors
Out of the collection of 22,543 Bruguiera spp. ESTs, 59 sequences were found to fulfill the criteria of little more than four mismatches for a potential ortholog of known mature plant miRNA. All corresponded to ESTs from Bruguiera gymnorhiza (L.) Lam. Of these, four ESTs fulfilled the criteria for miRNA precursors as determined by the characteristics of their predicted secondary structure using mfold, and included members of two miRNA families previously predicted in B. gymnorhiza by Sunkar and Jagadeeswaran (2008) in addition to a novel predicted miRNA precursor from the miR529 family (Table 1 and miRBASE accessions bgy-miR396a, bgy-miR396b, bgy-miR156/7 and bgymiR529).
ESTs are generally partial sequences of polyadenylated RNAs whether protein coding or non-coding. It has been estimated that miRNA sequences comprise about one in every 10,000 ESTs (Zhang et al. 2006b ) with reports ranging from 0.83 per 10,000 EST in Malus domestica Borkh. (Gleave et al. 2008 ), 1.47 per 10,000 EST in Brassica napus L. ) to 1.69 per 10,000 EST in Gossypium hirsutum L. (Qiu et al. 2007 ). In a previous study (Nasaruddin et al. 2007 ), we reported 6.86 miRNAs per 10,000 ESTs in Elaeis guineensis Jacq. for which we believe the higher rate of detection was related to the origin of the EST collection, which derived from selection of low abundance clones (cold plaque screening) and differentially regulated transcripts for sequencing, thus increasing the representation of miRNA sequences. In the current study it was not surprising that we failed to identify miRNA candidates within the relatively small EST data sets available in GenBank for Bruguiera cylindrica (L.) Blume and B. sexangula (Lour.) Poir. (126 and 12 EST, respectively). However, for the relatively large dataset of EST for B. gymnorhiza (L.) Lam. we were able to detect miRNA candidates at the expected rate, i.e., four out of 22 543 EST, giving a ratio of 2.2 miRNA per 10,000 ESTs, in reasonable agreement with other reports.
Expression of the miR156/7, miR396 and miR529 precursors predicted from Bruguiera gymnorhiza (L.) Lam. EST was examined using RNA extracted from young leaves of B. gymnorhiza and B. cylindrica (L.) Blume. All four predicted sequences were expressed for both species with the expected sizes ( Figure 2A ) and DNA sequences (Figures  3-6 , and miRBase entries bgy-miR396a, bcy-miR396a, bgymiR396b, bcy-miR396b, bgy-miR156/7, bcy-miR156/7, bgy-miR529 and bcy-miR529) for RT-PCR products, based on the ESTs from which the primers were designed. Specific RNA bands for two miRNA families were detected in leaves from both non-submerged and submerged B. gymnorhiza and B. cylindrica plants ( Figure 2B ), but there was no notable difference in expression between the species or samples. Unfortunately, it was not possible to obtain sufficient high quality RNA from the seedling roots from either species, despite repeated efforts. Sequence alignments between the RT-PCR products of B. gymnorhiza and B. cylindrica showed high identity (G99%) for all four of the miRNA sequences (Figures 3-6) . The high conservation of these sequences is expected as plant miRNA sequences are generally well conserved (Zhang et al. 2006b ) and B. cylindrica is very closely related to B. gymnorhiza (Sahoo et al. 2007 ).
Predicted miRNA targets
Possible targets of the two potential Bruguiera spp. miR396 and the miR529 sequences were identified within the EST data using RNAhybrid (Tables 2 and 3 respectively). All of the predicted targets were from Bruguiera gymnorhiza (L.) Lam., and based on the selection criteria detailed in Materials and methods we identified no qualifying target sequences identified for miR156/7. Selected candidate targets for EST951249 (putative Bruguiera spp. miR396a) were those having a minimal free energy (MFE) value below -29.8 kcal mol -1 (i.e., 75% of the MFE for a perfect match) and two or less nucleotide overhangs at either end of the duplex. Similarly, for EST940538 (putative Bruguiera spp. miR396b) potential targets were identified on an MFE value below 28.9 kcal mol -1 and two or less end overhangs. Due to the similarity between the putative Bruguiera spp. miR396a and miR396b we expected to find a major overlap between predicted targets for each miRNA sequence, and in all cases these map to the same sequence within the EST (candidate target). Predicted targets unique to each of the mature miR396 sequences were also observed (Table 2) . Seven candidate target hybrids were predicted between B. gymnorhiza EST BP946445 (putative miR529) and EST from B. gymnorhiza, based on an MFE cut off of -30.6 kcal mol -1 (Table 3 ). Whilst none of the candidate miR396 targets shared significant identity with any known proteins (i.e., those with functional annotation) in the NCBI nonredundant protein database, two of the candidate miR529 targets had similarity with known proteins, i.e., protondependant oligopeptide transporter (BP949974) and peroxidase (BP949390, also represented by redundant B. gymnorhiza ESTs BP949811; BP945007; BP938842).
miR156/7 family
Highly conserved miR156 and miR157 are widely considered to belong to a single family (miR156/7) and are among the best characterized miRNA in plants. Their major targets are SPB box gene transcription factors, which regulate flowering time, floral identity and govern major phase transitions in plants (Wang et al. 2009 , Wu et al. 2009 ). Bruguiera gymnorhiza (L.) Lam. EST BP951492 contains a perfect match to the mature Arabidopsis thaliana Schur miR157a and based on the predicted secondary structure and highly conserved nature of this family, can be expected to play an orthologous role in B. gymnorhiza. Multiple sequence alignment of the RT-PCR amplified candidate miR157 sequences from B. gymnorhiza and B. cylindrica (L.) Blume show them to share high identity to each other (99%, not shown) and this is extended to other family members for the mature miRNA and miRNA* regions (Figure 3) . Unfortunately, no qualifying matches were found for miR157 targets among the Bruguiera spp. EST. This most likely reflects the relatively low genome coverage of the EST data combined with the low abundance of transcripts for transcription factors and the fact that the original libraries were from differentiated tissues (leaf and root; Miyama et al. 2006) , which would be expected to express miR157 targets at very low levels.
miR396 family
Two of the Bruguiera gymnorhiza (L.) Lam. EST (BP940538 and BP951249) are predicted to encode two distinct precursor sequences, both belonging to the miR396 family. miR396 is one of the most highly conserved plant miRNA families (Axtell et al. 2007 ) with the mature miRNA sequence corresponding to Oryza sativa L. miR396a,b and c being conserved across dicots and monocots (Sunkar and Jagadeeswaran 2008) . Multiple sequence alignment of miR396 sequences with EST BP951249 and corresponding RT-PCR amplified cDNAs from B. gymnorhiza and B. cylindrica (L.) Blume (Figure 4 ) reveal that the mature and miRNA* sequences of family member miRNA396a are completely conserved across several plant species, whilst other regions of the precursors are highly variable. Predicted miRNA396 from B. gymnorhiza EST BP940538 is less well conserved, particularly within the miRNA* region, but also showed the highest identity with other miRNA396a sequences ( Figure  5 ). Taken together with their predicted secondary structure (miRBase) both ESTs are strong miR396 family member candidates.
Members of the miR396 family have been found to target mRNAs encoding Growth Regulating Factor (GRF) transcription factors which are involved in cell expansion in leaf and cotyledon and rhodenase-like proteins and kinesin-like protein B; all of this has been validated in Arabidopsis (Jones-Rhoades and Bartel 2004) . Other potential targets of miR396 are related to plant development, stress resistance and disease resistance including a transcriptional activator, cytochrome oxidase, tRNA isopentenyltransferase, ATPdependent RNA helicase and heat shock proteins (Zhang et al. 2007) . Probably due to the limited amount of Bruguiera spp. genomic information represented by the current EST data set, it was not possible to assign any function to the EST identified as candidate miR396 targets in this study. Recent analysis of plant miRNA targets in Arabidopsis thaliana Schur suggests that some plant microRNA families, including miR396, have potentially many more targets than was previously thought (Alves-Junior et al. 2009 ) and this creates a challenge for their clear identification in plant species for which limited genomic data and annotation are available.
miR529 family
Bruguiera gymnorhiza (L.) Lam. EST BP946445 is predicted to encode an miR529 precursor. This miRNA family is less well conserved outside of the mature miRNA and miRNA* regions: whilst the two predicted precursor miRNA sequences isolated by RT-PCR from B. gymnorhiza and B. cylindrica (L.) Blume have high identity to each other and the EST from which they were predicted (Figure 6 ), there was very poor alignment to other miRNA529 sequences outside of the mature miRNA and miRNA* regions, possibly as relatively few sequences are currently available in the miRBase Registry (data not shown). The miRNA529 family has been predicted to have potential target genes involved in several processes including development, metabolism, signal transduction and stress responses in Brassica napus L. ). The two candidate miR529 targets with similarity to known proteins included B. gymnorhiza BP949974, a putative proton-dependant oligopeptide transporter (OPT) and a putative peroxidase that was highly represented by four almost identical EST (three from root: BP949390, BP949811, BP945007 and one from leaf: BP938842) thus is presumably highly expressed in the B. gymnorhiza root (Miyama et al. 2006; NCBI EST database) . OPT proteins function in transport of a wide variety of substrates in eukaryotic cells and have been computationally predicted as targets of the Arabidopsis miRNA ath-MIRf10012-akr (Plant microRNA database; http://bioinformatics.cau.edu.cn/ PMRB/), whilst a protein transporter, an antiporter and a peroxidase are among targets predicted for miR529 from Brassica napus ; it may also be involved in a variety of molecular and physiological responses, including those related to environmental stress.
Conclusion
Using publicly available EST data we were able to identify miRNA orthologs and some of their potential targets from Bruguiera gymnorhiza (L.) Lam. Expression of the miRNA precursor transcripts of selected miRNA candidates was validated in local isolates of both B. gymnorhiza and its close relative B. cylindrica (L.) Blume by northern blot, RT-PCR and DNA sequencing. The sequences of the putative miR156/7, miR396a, miR396b and miR529 precursors show a high degree of identity between the two Bruguiera species indicating that this can be a useful approach to identify and isolate candidate miRNA gene sequences for use in functional studies with mangroves.
